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Abstract 
A reactor based on spinning disk technology offered an intensified mass transfer and rapid mixing in the liquid film with short liquid residence 
time. This paper reports the outcome of the experimental study of mixing visualization by dye tracer that carried out in a spinning disk test rig 
to compare with computational fluid dynamics (CFD) simulation of mixing by particle injection. The qualitative comparison used to visualize 
the influence of disk rotational speed on the mixing characteristics showed the identical pattern of dye particle distribution over the spinning 
disk surface. Further, the mechanistic model of the mixing characteristics of thin liquid films based on convective-diffusion equation is 
compared with the mathematical model by Tsibranska et al. (2009). The comparison shows the identical trend of the increment of the average 
of  mass transfer coefficient as the disk rotational speed increases. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICPEAM 2016.  
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1. Introduction 
In spinning disk reactor, the liquid is fed to the center of a spinning disk and as the liquid moves towards the edge, then intense 
interfering waves are formed under the influence of the centrifugal force. The waves formed also produced intense local mixing. 
The liquid film flow involves very little back mixing and is therefore almost pure plug flow [1]. The spinning disk technology has 
shown that the fluid dynamics of highly sheared films on spinning disk surface results in significant enhancement of mass 
transfer [2, 3]. It is also expected that a flow behaviour using spinning disk technology not only offered the short liquid residence 
time but also rapid mixing in the liquid. Experimental works [4 – 8] and modelling efforts [9 – 15] have been demonstrated to 
represent the hydrodynamics of thin liquid film flow over the spinning disk with mostly focused on the correlations between thin 
liquid film thickness and disk rotational speed.  
There is a lack of intensive study to determine and describe the mixing characteristics of thin liquid films over the spinning 
disk. Remarkably, realistic mixing processes are to some extent still absent from the research reported in the existing literature 
[16]. Due to the complexity of the hydrodynamics mechanism in mixing, it is always described and presented in a qualitative 
approach. Work done by Komoda et al. (2000) has visualized the mixing process by using the decolorizing reaction of iodine 
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with sodium thiosulfate [17]. The aim of this work was to describe the effect of disk rotational speed on the mixing 
characteristics of thin liquid films by experimental work and CFD simulation. For this purpose, a commercial CFD code and the 
volume of fluid (VOF) method were used. This work also discussed the development of mechanistic models to show the 
correlation of mixing performances of the thin liquid film towards the effect of various disk rotational speeds. Moreover, the 
study of mixing visualization by dye tracer has been carried out in a spinning disk test rig. 
 
Nomenclature 
VOF volume of fluid 
rpm revolutions per minute 
t time 
z axial coordinate in cylindrical system 
r radial coordinate in cylindrical system 
T  tangential coordinate in cylindrical system  
K average of mass transfer coefficient 
Cin  solute concentration in the liquid phase at the entrance (kg/m3) 
Cb bulk solute concentration (kg/m3) 
C concentration of diffusing substance (kg/m3) 
Rout radius of the disk at the edge (m) 
Rin radius of the disk at the entrance (m) 
Q volumetric flow rate 
η degree of desorption 
ur flow velocity at r-axis in a cylindrical coordinate 
uθ flow velocity at θ-axis in a cylindrical coordinate 
uz flow velocity at z-axis in a cylindrical coordinate 
D constant of diffusion coefficient 
 
2. Methodology 
2.1 Experimental setup 
 
The experimental work in the spinning disk test rig was performed as the liquids were fed over the center of a spinning disk 
through a nozzle of 5 mm internal diameter. The spinning disk was driven by a direct current motor on the side of the shaft as 
shown in Fig.1 (a), the schematic diagram of the spinning disk test rig. In order to study the mixing characteristic of the thin 
liquid film at various disk rotational speeds (200, 600 and 1000 rpm), the red colour dye tracer is released from the inlet zone 
into the flow field over the spinning disk surface. The pictures of the dye tracer distribution over the spinning disk are captured 
by an Olympus® digital camera that was placed perpendicularly over the fluid inlet tube as shown in Fig.1(b). 
          
                  
 
Fig. 1. (a) Schematic of the experimental setup - the spinning disk test rig: (1) circulating pump; (2) flow meter; (3) feed nozzle tube: (4) spinning disk; (5) 
annular tank; (6) direct current motor; (7) potentiostat; (8) control panel; (b) Schematic side view of the spinning test rig and digital camera position for 
visualization purpose. 
 
 
(a) (b) 
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2.2 CFD simulation  
 
The Fluent® CFD software package was used to simulate the mixing pattern of the thin liquid film. A hexahedral (prism with 
quadrilateral base) structured mesh with 24560 total mesh volumes was used to discretize the computational domain of the 
horizontal spinning disk. The VOF model was used to track the interface between the thin liquid film and the continuous phase 
(air) over the disk surface. In order to perform the grid independence analysis, three simulations have been done with a constant 
velocity inlet of 0.21 m/s at 200 rpm using 4452, 6034 and 7636 grid densities. Fig.2 shows the results of thin liquid film 
thickness at various disk radial positions have similar trends and consistent values for different grid densities. It was concluded 
that the developed computational domains were grid independent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Grid independence analysis at the different total element of grid densities. 
 
With regard to study the details of mixing characteristics of the thin liquid film in CFD simulation, a large number of the inert 
particles are released into the flow domain to simulate the dye tracer distribution over the spinning disk. The group type injection 
of 5000 inert particles with linear particle distribution are introduced at a point ( , ,r zT ) = (0, 0, 0.02) mm starting at t = 0 s to     
t = 1 s. As particles travel inside of the flow domain, their spatial locations over the spinning disk with various speed revolution 
change continuously with time. The details distribution of tracer particles in a CFD simulation then is compared visually with the 
red color dye tracer distribution in the spinning disk test rig. Table 1 summarizes the values of model parameters and conditions 
applied for the CFD simulation. 
Table 1. Simulation model parameters. 
Description Value Comment 
Simulation  3ddp, VOF model 
Fluid velocity inlet 0.21, 0.64 and 1.49 m/s Specified 
Disk diameter 
Inlet boundary condition 
Outlet boundary condition 
Wall boundary condition 
Time steps 
Maximum iteration 
Convergence criteria  
0.4 m 
Velocity inlet 
Pressure outlet 
Moving wall 
0.0001 
1000 
0.0001 
Fixed diameter 
Incompressible flow 
 
Specified to 200, 600 and 1000 rpm 
Specified 
Specified 
Specified 
 
 
2.3 Mechanistic models  
 
The convective-diffusion equation (1) in cylindrical coordinates ( , ,r zT ) is simplified to become equation (2) to denote the 
mixing characteristics in term of concentration, C at various radii of the horizontal spinning disk, r. 
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Assumptions made for the mixing characteristic in thin liquid film flow over the horizontal spinning disk are as below: 
x Steady state mass transfer to the surface of a disk rotating around z-axis that is perpendicular to the surface at a various 
rotational speed. 
x There is a convective diffusion in the radial direction due to the concentration difference in a liquid. 
x The liquid is only resistance to mass transfer. This implies that the diffusion process is fast with low residence time. 
x The initial concentration of liquid that flows over the disk is assumed to equal to the solute concentration in the liquid 
phase, and the solute is totally adsorbed by the disk surface. 
 
The numerical solution at the boundary conditions, together with the equations was performed by the finite difference method 
employing an implicit scheme with a constant radial step, r and a fixed number of grid points along the r-axis using a 
spreadsheet. A finite difference solution for 0 < r < 173.5 mm at t > 0 was taken into consideration. The model adequacy was 
evaluated on two process characteristics, including the degree of desorption, η and the average mass transfer coefficient, K [18]. 
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where Cin is the solute concentration in the liquid phase at the entrance, Cb is bulk solute concentration, C is the concentration on 
the surface of the liquid phase, Q is the volumetric flow rate and Rin and Rout are the radius of the disk at the entrance and at the 
edge respectively.
 
3. Results and Discussion 
The good mixing performances of thin liquid films over the spinning disk surface are measured by the visualization of the 
particle spatial distributions in spinning disk test rig. The percentage of the disk surface being occupied by the dye particles was 
considered as the mixing measures. Fig. 3 shows the predicted particle distributions over the disk surface using CFD simulation 
have shown a satisfactory agreement with experimental visualization. The similar spiral patterns of particle dispersion were 
observed in both results. It can be seen obviously in Fig.3(a), the dye particles only occupied on a small surface area of the disk 
at 200 rpm. However, the spiral pattern of dye particles disperses over a larger area of the disk surface as the disk rotational 
speed increases to 600 rpm and 1000 rpm in Fig.3(b) and Fig.3(c) respectively. As disk rotational speed increases, the centrifugal 
forces begin to dominate over a larger area of the disk surface. It can be concluded that the high disk rotational speed promotes 
the good mixing performances over the disk.  
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Fig. 3. Visualization comparison of dye particle distribution over spinning disk by CFD simulation (top) and experimental work (below) at different disk 
rotational speeds  (a) 200 rpm (b) 600 rpm and (c) 1000 rpm. 
 
The mechanistic model of the mixing characteristics in thin liquid films in this work is described by the average of mass 
transfer coefficient at various disk revolution speeds in steady state mass transfer process. In order to show the relation between 
the concentrations of thin liquid films to the disk rotational speed, the dimensionless bulk concentration of a thin liquid film must 
first be determined by the value of bulk solute concentration, Cb divided by the equilibrium concentration over the spinning disk 
surface of liquid phase, C.  It is observed that the dimensionless bulk concentration, Cb/C of the thin liquid film is high at low 
disk rotational speed, and decreasing drastically when it flows through the center to the edge of the spinning disk as in Fig.4. 
This trend is in good agreement with work by Peev et al. (2006) [15]. Furthermore, the average of mass transfer coefficient is 
calculated from the value of the bulk concentration of thin liquid films. Fig.5 shows the increment of disk rotational speed has a 
significant effect on the increment of the average of mass transfer coefficient, and it also shows the identical trend of the average 
of mass transfer coefficient increment as compared with the model by Tsibranska et al. (2009) [18]. Overall, it shows that the 
higher disk rotational will offer good mixing condition in a thin liquid film over the spinning disk surface due to the increment of 
the mass transfer average coefficient. 
 
 
Fig. 4. Predicted dimensionless bulk concentrations of thin liquid films versus radial location at various rotational speeds. 
 
 
 
 
Fig. 5. The comparisons of the average coefficient of mass transfer between model by Tsibranska et al. (2009) and predicted results in this work. 
4. Conclusion 
The mixing characteristic study of the thin liquid film flows over the horizontal spinning disk surface was successfully 
performed. The CFD simulation was in satisfactory agreement with the visualization experiment of dye particle distribution. The 
numerical results of the average of mass transfer coefficient agree well with the model by Tsibranska et al. (2009) as a 
comparison. Accordingly, it was found that the disk rotational speed was a significant parameter in the enhancement of  the mass 
transfer and mixing quality in thin liquid film flow over the horizontal spinning disk surface. 
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